Abstract A synaptic pool of extracellular signal-regulated kinases (ERK) controls synaptic transmission, although little is known about its underlying signaling mechanisms. Here, we found that synaptic ERK2 directly binds to postsynaptic metabotropic glutamate receptor 1a (mGluR1a). This binding is direct and the ERK-binding site is located in the intracellular C-terminus (CT) of mGluR1a. Parallel with this binding, ERK2 phosphorylates mGluR1a at a cluster of serine residues in the distal part of mGluR1a-CT. In rat cerebellar neurons, ERK2 interacts with mGluR1a at synaptic sites, and active ERK constitutively phosphorylates mGluR1a under normal conditions. This basal phosphorylation is critical for maintaining adequate surface expression of mGluR1a. ERK is also essential for controlling mGluR1a signaling in triggering distinct postreceptor signaling transduction pathways. In summary, we have demonstrated that mGluR1a is a sufficient substrate of ERK2. ERK that interacts with and phosphorylates mGluR1a is involved in the regulation of the trafficking and signaling of mGluR1.
Introduction
Metabotropic glutamate receptors (mGluR) are G proteincoupled receptors (GPCR) and are densely expressed in mammalian brains. Through activating diverse postreceptor signaling pathways, mGluRs regulate synaptic transmission at both pre-and postsynaptic sites [1, 2] . As essential glutamate receptors, abnormal mGluR activity has been linked to a variety of neuropsychiatric, neurodegenerative, and cognitive disorders [2, 3] . Recent studies focus on group I mGluRs (mGluR1 and mGluR5 subtypes). These subtypes are coupled to phospholipase Cβ1 (PLCβ1) through G αq proteins. Activating them increases PLCβ1-mediated phosphoinositide hydrolysis, yielding diacylglycerol and inositol-1,4,5-triphosphate (IP 3 ) to trigger protein kinase C (PKC) and Ca 2+ signaling pathways, respectively. mGluR1/5 are mostly peri-and postsynaptic [4, 5] and act as prime regulators in the postsynaptic density (PSD) microdomain to control strength and efficacy of excitatory synapses.
The mGluR1 subtype, as a typical GPCR, has a C-terminal tail protruding intracellularly. This C-terminus (CT) is large in size, and a long-form splice variant (mGluR1a) CT contains a total of 359 amino acids. This long CT makes mGluR1a readily accessible to various submembranous binding partners [6, 7] . Through direct protein-protein interactions, mGluR1a-associated proteins regulate subcellular and subsynaptic distributions and efficacy of the receptor [6, 7] . One noticeable group of mGluR1a-associated regulators is protein kinases. These kinases interact with and phosphorylate mGluR1a CT and thereby modulate mGluR1a [8, 9] , although the responsible kinases and detailed phosphorylation-dependent mechanisms are less clear at present.
A prototypical mitogen-activated protein kinase (MAPK) family member, extracellular signal-regulated kinase (ERK), is expressed in adult brain postmitotic neurons. Once activated by MAPK kinase (MEK), ERK translocates from the cytoplasm to the nucleus to phosphorylate discrete transcription factors, including Elk-1, to alter gene expression and transcriptionally regulate synaptic transmission and plasticity [10] [11] [12] . Additionally, ERK and phosphorylated ERK (pERK, active form) are notably present in neuronal peripheral structures, such as dendritic spines and synaptic zones [13] [14] [15] [16] . ERK, predominantly the ERK2 isoform, and all MAPK cascade components colocalize within the PSD [17, 18] . While this synaptic pool of ERK is thought to serve as a local regulator, little is known about their specific substrates and their roles in the phosphorylation-dependent modulation of synaptic substrates [reviewed in ref . 19] .
To search for a new substrate of ERK at synaptic sites, we found that ERK2 directly binds to mGluR1a CT. Active ERK2 phosphorylates a cluster of serine residues in the distal part of mGluR1a CT. Endogenous ERK2 forms complexes with mGluR1a in the synaptic compartment of rat cerebellar neurons, which enables ERK2 to phosphorylate mGluR1a and facilitate surface trafficking and signaling efficacy of the receptor. Together, we have discovered an ERK2-mediated mechanism underlying the regulation of mGluR1a.
Materials and Methods
Animals Adult male Wistar rats from Charles River (New York, NY) were used in this study. Animals were individually housed at 23°C and humidity of 50 ± 10 % with food and water available ad libitum. The animal room was on a 12-/ 12-h light/dark cycle with lights on at 0700. All animal use procedures were in strict accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee.
Synthesis of Glutathione-S-Transferase (GST)-Fusion
Proteins We synthesized GST-fusion proteins containing full-length (FL) or truncated proteins of interest according to the method described previously [20, 21] . Briefly, the cDNA fragments encoding the mGluR1a-CT1(K841-T1000), mGluR1a-CT2(P1001-L1199), mGluR1a-CT1a(K841-N885), mGluR1a-CT1b(A886-K931), mGluR1a-CT1c(N925-T1000), mGluR1a intracellular loop 1 [mGluR1a-IL1(L616-E629)], mGluR1a-IL2(R681-Q706), and mGluR1a-IL3(K773-K785) were generated by polymerase chain reaction amplification from FL cDNA clones (rat mGluR1 UniProtKB accession no. P23385). These cDNAs were subcloned into BamHI-EcoRI sites of the pGEX4T-3 plasmid (GE Healthcare, Piscataway, NJ). Constructs were sequenced to confirm appropriate splice fusion. GST-fusion proteins were expressed in Escherichia coli BL21 cells and purified as described by the manufacturer.
Western Blot Analysis Western blots were performed as described previously [22] . Briefly, sodium dodecyl sulfate (SDS) NuPAGE Bis-Tris 4-12 % gels (Invitrogen, Carlsbad, CA) were used to separate proteins. Separated proteins were then transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were incubated with primary antibodies (see below) overnight at 4°C and followed by secondary antibody incubation. Immunoblots were developed with the enhanced chemiluminescence reagent (GE Healthcare).
In Vitro Binding Assay This assay was carried out according to our previous work [20, 22] . Briefly, His-tagged active ERK2-FL with pT185/pY187 (Millipore, Billerica, MA; 20 ng) or His-tagged inactive ERK2-FL (Millipore; 20 ng) was equilibrated to binding buffer containing 200 mM NaCl, 0.2 % Triton X-100, 0.1 mg/ml bovine serum albumin (BSA), and 50 mM Tris, pH, 7.5. Binding reactions were initiated by adding purified GST-fusion proteins and continued for 2-3 h at 4°C. Glutathione sepharose 4B beads (10 %, 100 μl) were used to precipitate GST-fusion proteins. The precipitate was washed three times. Bound proteins were eluted with 4X lithium dodecyl sulfate (LDS) loading buffer, resolved by SDS-PAGE, and immunoblotted with antibodies indicated.
Phosphorylation Reactions In Vitro GST or GST-fusion proteins were incubated with GST-tagged active ERK2 (Millipore, 25 ng) or GST-or His-tagged inactive ERK2 (Millipore, 25 ng) for 30 min at 30°C in a reaction buffer (25 μl) containing 10 mM HEPES pH 7.4, 10 mM MgCl 2 , 1 mM Na 3 VO 4 , 1 mM dithiothreitol (DTT), 0.1 mg/ml BSA, 50 μM ATP, and 2.5 μCi/tube [γ-32 P]ATP (~3000 Ci/mmol, PerkinElmer, Waltham, MA) with an Elk-1 fusion protein (Cell Signaling, Danvers, MA). Elk-1 (Human, 428 amino acids, UniProtKB accession no. P19419) is a classical substrate of ERK2 and is phosphorylated by ERK2 at multiple sites, including the preferred sites of serine 383 and serine 389. These sites involve SP, TP, and PXSP phosphomotifs (where X is any amino acid) [23, 24] . We stopped the phosphorylation reactions by adding the LDS sample buffer and boiling for 3 min. Phosphorylated proteins were resolved by SDS-PAGE and visualized by autoradiography or immunoblot.
Dephosphorylation Reactions To dephosphorylate GSTfusion proteins, we incubated GST-fusion proteins with Histagged active ERK2 (Millipore, 25 ng) in 25 μl reaction buffer containing 10 mM HEPES pH 7.4, 10 mM MgCl 2 , 1 mM Na 3 VO 4 , 1 mM DTT, 50 μM ATP, and 2.5 μCi/tube [γ-32 P]ATP (∼3000 Ci/mmol) for 30 min at 30°C. GSTfusion proteins were precipitated and the supernatant containing ERK2 was removed. Precipitates were washed twice. They were then suspended in a solution containing 50 mM Tris-HCl, pH 8.5, 1 mM MgCl 2 , 0.1 mM ZnCl 2 , and calf intestine alkaline phosphatase (CIP, 100 units/ml; Roche, Indianapolis, IN) and incubated for 1 h at 37°C. To dephosphorylate immunoprecipitated mGluR1a, immunocomplexes were washed with 1X NEBuffer (New England Biolabs, Ipswich, MA) supplemented with 1 mM MnCl 2 , 1 mM phenylmethanesulfonylfluoride, 0.5 μg/ml leupeptin, 1 μg/ml pepstatin, and 0.5 μg/ml aprotinin. The beads were then divided into two tubes, and λ-protein phosphatase (200-400 units, New England Biolabs), a serine/threonine/tyrosine dual phosphatase, was added to one of tubes. Both tubes were incubated for 1 h at 30°C. The dephosphorylation reaction was stopped by adding an LDS sample buffer. Samples were then subjected to standard gel electrophoresis and autoradiography.
Phosphoamino Acid Analysis Phosphoamino acid analysis was carried out as described previously [25] . The 32 P-incorporated (phosphorylated) proteins on an SDS-PAGE gel were transferred to a PVDF membrane. The membrane was stained and the targeted band containing a protein of interest was cut. The 32 P-labeled phosphoprotein was hydrolyzed into individual amino acids in 6 N HCl (110°C, 2 h). Hydrolysates were concentrated and spotted onto glass-backed thin-layer chromatography cellulose plates (Merck, Darmstadt, Germany), along with phosphoserine, phosphothreonine, and phosphotyrosine standards. The phosphoamino acids were separated by electrophoresis in pH 3.5 buffer (5 % v/v acetic acid, 0.5 % v/v pyridine, 100 ml) in a flatbed Multiphor II electrophoresis apparatus (GE Healthcare) at 1000 V (30 mA) for 45 min. The phosphoamino acid standards were visualized with ninhydrin. The plate was exposed to X-ray film to visualize 32 P-labeled amino acids.
C o i m m u n o p r e c i p i t a t i o n W e p e r f o r m e d coimmunoprecipitation with rat brains as described previously [22] . After rats were anesthetized and decapitated, brains were removed. The cerebellum was homogenized in cold isotonic sucrose homogenization buffer containing 0.32 M sucrose, 10 mM HEPES, pH 7.4, 2 mM ethylenediaminetetraacetic acid (EDTA), and a protease/phosphatase inhibitor cocktail (Thermo Scientific, Rochester, NY). Homogenates were centrifuged at 800×g for 10 min at 4°C. P2 pellets (synaptosomal fraction) were obtained by centrifuging the supernatant for 15 min (10,000×g) at 4°C. Washed P2 was resuspended in the sucrose homogenization buffer containing Triton X-100 (0.5 %, v/v). The suspension was lysed and incubated with gentle rotation for 20 min at 4°C. Samples were centrifuged for 20 min at 32,000×g to yield the pellet enriched with synaptic membranes. These pellets were solubilized in sucrose-Triton buffer containing 1 % sodium deoxycholate and a protease/phosphatase inhibitor cocktail for 1 h at 4°C. Solubilized proteins were incubated with a rabbit antibody against ERK1/2 or mGluR1a. The complex was precipitated with 50 % protein A or G agarose/sepharose bead slurry (GE Healthcare). Proteins were separated on Novex 4-12 % gels and probed with a mouse antibody against ERK1/2 or mGluR1a.
Cerebellar Slice Preparation Rats were decapitated after anesthesia with an intraperitoneal (i.p.) injection of sodium pentobarbital (65 mg/kg). Brains were removed and placed in icecold artificial cerebrospinal fluid (ACSF) containing (in mM) 10 glucose, 124 NaCl, 3 KCl, 1.25 KH 2 PO 4 , 26 NaHCO 3 , 2 MgSO 4 , and 2 CaCl 2 , bubbled with 95 % O 2 -5 % CO 2 , pH 7.4. Coronal slices were cut using a VT1200S vibratome (Leica, Buffalo Grove, IL). Slices were preincubated in ACSF in an incubation tube at 30°C under constant oxygenation with 95 % O 2 -5 % CO 2 for 1 h. The solution was replaced with fresh ACSF for an additional preincubation (10-20 min). Drugs were added and incubated at 30°C. After drug treatment, slices were collected for neurochemical assays.
Surface Crosslinking Assays This was performed as described previously [26] . Briefly, rats were anesthetized with sodium pentobarbital (65 mg/kg, i.p.) and decapitated. The cerebellum was cut into coronal sections (400 μm) with a vibratome. Sections were added into Eppendorf tubes containing ice-cold ACSF. We then added a bis(sulfosuccinimidyl)suberate (BS 3 ) reagent (Pierce, Rockford, IL) to 2 mM. Sections were incubated for 1 h at 4°C. The crosslinking reaction was terminated by quenching with 20 mM of glycine (10 min, 4°C). After sections were washed four times in cold phosphate-buffered saline solutions (5 min each), they were sonicated in isotonic sucrose homogenization buffer containing 0.32 M sucrose, 10 mM HEPES, pH 7.4, 2 mM EDTA, 0.5 % SDS, and a protease/ phosphatase inhibitor cocktail (Thermo). Proteins were saved in −80°C before used in immunoblot analysis.
IP 3 Assays Cellular IP 3 levels were measured in rat cerebellar slices using a HitHunter IP 3 Fluorescence Polarization Assay Kit from DiscoveRx (Fremont, CA) or a rat IP 3 ELISA Kit from CUSABIO (Wuhan, China) according to the manufacturer's instructions [22, 27, 28] . Statistics The results are presented as means ± SEM. Data were evaluated using Student's t test or a one-way analysis of variance (ANOVA) followed by a Bonferroni (Dunn) comparison of groups using least-squares-adjusted means. Probability levels of <0.05 were considered statistically significant.
Results

ERK2 Phosphorylates mGluR1a
To determine whether ERK2 phosphorylates mGluR1a, we synthesized a panel of GST-fusion proteins containing confined intracellular domains of mGluR1a (Fig. 1a) . We then monitored the incorporation of 32 P into these domains following addition of active form of ERK2 and the phosphate donor ATP in sensitive autoradiography. Active ERK2 strongly phosphorylated GST-mGluR1a-CT2, while ERK2 did not phosphorylate GST alone and three intracellular loops (IL1, IL2, and IL3) (Fig. 1b) . GST-mGluR1a-CT1 only showed a weak response to ERK2. A known prototypic substrate of ERK2, Elk-1 that is phosphorylated by ERK2 at multiple sites [23, 24] , was also phosphorylated and served as a positive control. In contrast to active ERK2, inactive ERK2 failed to phosphorylate CT2 and Elk-1 (Fig. 1c) . In the absence of ATP, ERK2 did not induce phosphorylation signals from either CT2 or Elk-1 (Fig. 1d) . The ERK2-induced CT2 phosphorylation was subjected to dephosphorylation by a phosphatase CIP [29, 30] . As shown in Fig. 1e , application of CIP to a duplicate reaction significantly reduced the ERK-induced CT2 phosphorylation. These data demonstrate that mGluR1a serves as a sufficient phosphorylation substrate of ERK2. Primary phosphorylation site(s) seem to reside within the distal region of mGluR1a CT.
ERK2 Phosphorylates mGluR1a at Serine Sites
We next set forth to identify accurate phosphorylation sites in mGluR1a CT2. ERK2 is a serine/threonine kinase and catalyzes a consensus phosphorylation motif, S/TP [31] . Sequence analysis revealed a total of eight sites in CT2 consistent with the ERK phosphorylation motif (Fig. 2a) . To identify phospho-accepting site(s) among them, we conducted phosphoamino acid analysis to define the type of amino acids that is phosphorylated by ERK2. As shown in Fig. 2b , serine sites in mGluR1a-CT2 were phosphorylated by active ERK2, while threonine was not. Moreover, phosphorylation of CT2 was visualized by a phosphomotif-specific antibody against pS/TP (Fig. 2c ) but not pTP (Fig. 2d) . Thus, serine rather than threonine sites in mGluR1a-CT2 are phosphorylated by ERK2. To identify accurate serine site(s), we synthesized a battery of site-directed CT2 mutants (Fig. 2e) . We compared these mutants with wild-type (WT) CT2 in their phosphorylation responses to ERK2. Mutating threonine (T1064) and serine (S1098) to alanine (mutation 1: T/S1-2A) had minimal impact on CT2 phosphorylation (Fig. 2f) . Mutations of the first four T/S sites (mutation 2: T/S1-4A) reduced CT2 phosphorylation. Further reduction of CT2 phosphorylation seemed to occur after mutations of the first six sites (mutation 3: T/S1-6A), while weak phosphorylation signals still remained. Mutations of all four serines (S1098, S1147, S1154, and S1169, mutation 4) caused a complete loss of phosphorylation, while mutations of all four threonines (T1064, T1143, T1151, and T1178, mutation 5) had little impact. These results indicate that a cluster of serine residues in distal CT2, including S1147, S1154, and S1169, are among the preferred sites phosphorylated by ERK2. In addition, we noticed that amino acids flanking two phosphorylation sites (S1154 and S1169) align well with the common ERK phosphorylation motif of PXpSP. We thus assessed CT2 phosphorylation using a phosphomotif-specific antibody against PXpSP. The phosphorylation of mGluR1a-CT2 by ERK2 was in fact detected by the antibody (Fig. 2g) . Same results were seen with Elk-1 (Fig. 2g) . Elk-1 is known to contain the ERK2-specific PXpSP motifs [23, 24] .
ERK2 Binds to mGluR1a
To determine whether ERK2 binds to mGluR1a, we carried out a series of in vitro binding assays in which GST-fusion proteins were used as immobilized molecules to capture (precipitate) binding partners. GST-mGluR1a-CT1 precipitated inactive ERK2, while GST did not (Fig. 3a) . Other GSTfusion proteins containing IL1, IL2, IL3, or CT2 precipitated an undetectable amount of ERK2 proteins. Similar to inactive ERK2, active ERK2 was precipitated by GST-mGluR1a-CT1 (Fig. 3b) . These data reveal that ERK2 possesses the ability to bind to mGluR1a at its CT1 region. We next tried to map a key binding site in CT1. To this end, we synthesized GST-fusion proteins containing different fragments of CT1 (CT1a-c; Fig. 3c ). We found that mGluR1a-CT1a(K841-N885) precipitated inactive and active ERK2 to an extent similar to CT1 (Fig. 3d, e) . In contrast, neither mGluR1a-CT1b(A886-K931) nor mGluR1a-CT1c(N925-T1000) bound to inactive or active ERK2. Thus, the CT1a region (the first 45 amino acids in the membrane proximal segment of CT) contains a core ERK2 binding site. All blots were probed in parallel with a GST antibody to ensure equivalent protein loading (data not shown).
ERK2 Interacts with mGluR1a in Neurons In Vivo
We next explored whether native ERK2 and mGluR1a interact with each other in neurons in vivo. We chose the cerebellum from rat brains for this test because GST Fig. 1 ERK2-mediated phosphorylation of mGluR1a. a GST-fusion proteins containing distinct intracellular domains of rat mGluR1a. b A representative autoradiograph illustrating the ERK2-induced phosphorylation of GST-mGluR1a-CT2 and Elk-1 but not GST and other mGluR1a fragments. A gel staining with Coomassie Brilliant Blue (CBB) was present below to show protein loading. Note that the CT2 segment was markedly phosphorylated by ERK2. c A representative autoradiograph above a CBB staining illustrating phosphorylation of GST-mGluR1a-CT2 by active but not inactive ERK2. d A representative autoradiograph above a CBB staining illustrating phosphorylation of GST-mGluR1a-CT2 in the presence but not absence of ATP. e CIP-mediated dephosphorylation of ERK2-phosphorylated GST-mGluR1a-CT2. All phosphorylation reactions were carried out at 30°C for 30 min (b-e) followed by dephosphorylation reactions (e). The reactions were then subjected to gel electrophoresis followed by autoradiography. Solid and open arrows indicate phosphorylated GSTmGluR1a-CT2 (pGST-mGluR1a-CT2) and Elk-1, respectively. Red stars in CBB staining images (b-d) indicate the CT2 and Elk-1 bands that were phosphorylated by ERK2. Note that these bands smeared and shifted upward as a result of slower migration due to phosphorylation mGluR1 is richly expressed, while mGluR5 is almost lacking, in this region [32, 33] . Moreover, mGluR1a is a predominant splice variant in Purkinje neurons, the principal neurons of the cerebellar cortex [34] . Previously, mGluR1a but not mGluR5 was seen in immunoblots using cerebellar whole-cell lysates or membrane samples [33] . In this study, we utilized a defined pool of synaptic plasma membranes. We observed that mGluR1a was present in the cerebellum at a level much higher than that in the striatum (Fig. 4a) . In contrast, mGluR5 was expressed in the striatum but nearly absent in the cerebellum (Fig. 4b) . A major functional form of mGluR1 and 5 was seen as dimers in cerebellar and striatal neurons, similar to those observed previously [35, 36] . As to ERK, a sub-pool of ERK resides in neuronal peripheral structures, such as postsynaptic dendritic spines [13, 14, 37] . A major ERK2 band was found at synaptic sites in rat striatal and prefrontal cortical neurons [16] . To determine the synaptic distribution of ERK in cerebellar neurons, we assayed the abundance of ERK1/2 in synaptic samples. A higher level of ERK2 than ERK1 proteins was shown in cerebellar synaptic membranes (Fig. 4c) . The same isoform gradient was seen for pERK1/2 (Fig. 4d) . Thus, like other brain regions, cerebellar neurons accommodate ERK2 as a major ERK isoform in the synaptic compartment.
To determine whether synaptic ERK2 interacts with m G l u R 1 a in c e r e b e l l a r n e u r o n s , w e p e r f o r m e d coimmunoprecipitation with solubilized cerebellar synaptic samples enriched with ERK2 and mGluR1a. In coimmunoprecipitation with an anti-mGluR1a antibody, a major ERK2 band was revealed in mGluR1a precipitates (Fig. 4e) . In reverse coimmunoprecipitation, mGluR1a immunoreactive proteins existed in ERK1/2 precipitates (Fig. 4f) . In mGluR1a precipitates, active pERK2 signals were predominant (Fig. 4g) . Thus, endogenous ERK2 and mGluR1a interact with each other within the synapse of cerebellar neurons in vivo. of T1064/S1098 to alanines (M1), T1064/S1098/T1143/S1147 to alanines (M2), T1064/S1098/T1143/S1147/T1151/S1154 to alanines (M3), four serines (S1098/S1147/S1154/S1169) to alanines (M4), and four threonines (T1064/T1143/T1151/T1178) to alanines (M5). e Phosphorylation of mGluR1a-CT2 mutants and WT at pS/TP by active ERK2. Note that no signal was detected in the M4 mutant. g Phosphorylation of GST-mGluR1a-CT2 and Elk-1 at PXpSP by active ERK2. Phosphorylation of CT2 and Elk-1 was detected by immunoblot (IB) with a phosphomotif antibody against pS/TP (c, f), pTP (d), or PXpSP (g)
Phosphorylation of Cerebellar mGluR1a by ERK
To investigate ERK-mediated phosphorylation of mGluR1a in cerebellar neurons, we purified mGluR1a from solubilized synaptic membranes of cerebellar tissue through immunoprecipitation. We then measured the phosphorylation level of immunopurified mGluR1a at ERK-preferred phosphomotifs, such as S/TP, TP, and PXSP, using phosphomotif antibodies. Phosphorylation signals were detected in mGluR1a using an anti-pS/TP antibody (Fig. 5a ). Phosphorylation at the TP motif was however weak in mGluR1a (Fig. 5b) . The PXpSP phosphomotif antibody has demonstrated an ERK2-mediated phosphorylation of recombinant mGluR1a CT2 in in vitro assays above. Consistent with this, strong PXpSP signals were seen in precipitates of native mGluR1a (Fig. 5c ). The phosphorylation of mGluR1a PXSP was subjected to dephosphorylation. A serine/ threonine/tyrosine dual phosphatase, λ-protein phosphatase (1 h), selectively eliminated the PXSP phosphorylation, without altering the total mGluR1a immunoreactivity (Fig. 5d ). These data suggest that mGluR1a is likely a MAPK/ERK substrate in synapses of cerebellar neurons and is normally phosphorylated by the kinase.
To confirm this, we evaluated the impact of ERK inhibition on motif phosphorylation of mGluR1a. We used an MEK inhibitor U0126 which inhibits MEK activation of ERK. Adding U0126 to rat cerebellar slices (0.5 or 5 μM, 30 min), significantly reduced PXSP phosphorylation of immunopurified mGluR1a (Fig. 5e, f) . U0126 had no effect on TP phosphorylation (Fig. 5e, g ). These results are consistent with the notion that ERK causes basal phosphorylation of mGluR1a. The finding that U0126 simultaneously reduced the amount of pERK2 and ERK2 coimmunoprecipitated with mGluR1a is noteworthy (Fig. 5e, h ). This indicates that inhibition of ERK reduces the interaction rate of pERK2 and ERK2 with mGluR1a.
ERK Supports Surface Expression of mGluR1a
To determine the role of ERK in regulating mGluR1a, we first investigated whether ERK regulates surface expression of mGluR1a in cerebellar neurons. We utilized a surface receptor crosslinking assay to monitor changes in the surface versus intracellular expression of mGluR1a. BS 3 , a membrane-impermeable reagent, selectively crosslinks surface membrane-bound receptors to form BS 3 -linked high molecular weight aggregates as opposed to BS 3 -unlinked intracellular receptors with a normal molecular weight. BS 3 -linked surface receptors are readily separated from BS 3 -unlinked intracellular receptors on gel electrophoresis due to their different molecular weights. Indeed, BS 3 treatment induced a high molecular band of mGluR1a, establishing BS 3 -linked surface receptor aggregates (Fig. 6a) 
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GST-mGluR1a-CT1c(N925-T1000) IB: ERK2 were seen as intracellular receptors. Quantification analysis of the amount of intracellular mGluR1a in BS 3 -treated tissue compared to control tissue reveals that less than half of mGluR1a was normally expressed in the intracellular fraction (Fig. 6b) . No mGluR5 signals were shown in either control or BS 3 -treated cerebellar tissue (Fig. 6c) . There was no effect of BS 3 in crosslinking α-actinin, an intracellular protein (Fig. 6d) , confirming the selectivity of BS 3 in crosslinking surface proteins. We then tested the effect of ERK inhibition on surface expression of mGluR1a. Pretreatment of cerebellar slices with U0126 (5 μM, 30 min) reduced the abundance of mGluR1a in surface fractions (Fig. 6e) . mGluR1a in intracellular fractions was elevated, although it did not reach a statistically significant level. The surface-to-intracellular ratio of mGluR1a expression was substantially reduced due to concurrent and opposite changes in surface and intracellular pools (Fig. 6f) . No change was observed in the level of an intracellular protein α-actinin (Fig. 6g) . These data indicate that ERK plays a positive role in stabilizing surface expression of mGluR1a in cerebellar neurons. 3 Signaling Pathway mGluR1 stimulates PLCβ1 via G αq proteins, which in turn hydrolyzes phosphoinositide to produce IP 3 molecules [1, 2] . In this study, we measured the mGluR1-stimulated IP 3 yield as a functional output to evaluate the role of ERK in regulating mGluR1 signaling. Adding an mGluR1/5 agonist DHPG (100 μM) to rat cerebellar slices induced a typical increase in cytosolic IP 3 levels (Fig. 7a) . Pretreatment with an mGluR1 selective antagonist 3-MATIDA (10 μM, 30 min prior to DHPG) completely blocked the IP 3 formation induced by DHPG (Fig. 7b) , verifying that IP 3 responses to DHPG were mediated by mGluR1. Remarkably, inhibition of ERK by U0126 at 5 μM significantly reduced IP 3 responses to DHPG, while the inhibitor at 0.5 μM did not (Fig. 7c) . U0126 at either concentration did not alter the basal level of IP 3 . Thus, under normal conditions, ERK is critical for mGluR1 to trigger its IP 3 pathway.
ERK Regulates the mGluR1-IP
We next used a different approach to evaluate the role of ERK in mGluR1-IP 3 signaling. The ERK binding motif in substrates has a significant role in determining the specificity Note that ERK2 and pERK2 were expressed at a higher level than r e s p e c t i v e E R K 1 a n d p E R K 1 i n s y n a p t i c l o c a t i o n s . e Coimmunoprecipitation (IP) assays of ERK1/2 and mGluR1a with the anti-mGluR1a antibody (Ab). Note that ERK2 clearly existed in mGluR1a precipitates (lane 5). Lanes 3 and 4 showed no specific bands due to the lack of a precipitating antibody (L3) and the use of an irrelevant IgG (L4). f Reverse coimmunoprecipitation assays of ERK1/2 and mGluR1a with the anti-ERK1/2 antibody. g Coimmunoprecipitation of pERK1/2 and mGluR1a. Synaptic proteins solubilized from enriched synaptic plasma membranes of the rat cerebellum were used in above IP assays. Precipitated proteins were visualized by immunoblots (IB) with indicated antibodies and efficiency of ERK [38] . The D domain is a major ERKbinding motif identified in ERK substrates. A typical D domain is generally comprised of a stretch of hydrophobic amino acids (Φ-X-Φ where Φ is a hydrophobic residue such as L, I, and V and X is any amino acid) and a nearby cluster of positively charged, basic residues [38] [39] [40] . Noticeably, a D domain-like sequence (LNIFRRKK) exists in mGluR1a-CT1a(K841-N885), a region we identified for the ERK2 binding ( Fig. 3c-e) . To determine the importance of this D domain-containing region to the ERK2 binding to mGluR1a, we synthesized a peptide (SNTFLNIFRRKKP) that flanks the D domain and then tested the effect of the peptide on the ERK2-mGluR1a binding. The peptide blocked the binding of ERK2 to mGluR1a-CT1a in in vitro binding assays, while a sequence-scrambled control peptide (LFRSNTNFRIKPK) did not (data not shown). Thus, as expected, the D domain is critical for the ERK2 binding to mGluR1a. We next utilized these peptides to evaluate the importance of the ERK2-mGluR1a interaction for regulating mGluR1-IP 3 signaling. We performed this experiment in rat cerebellar slices. To assure efficient transduction of peptides into neurons, we fused a Tat domain (YGRKKRRQRRR) known to render fused materials' cell permeability [41] to the peptide (Fig. 7d) . Adding Tat-fusion mGluR1a interaction dead (TatmGluR1a-id) peptides (5 μM) to cerebellar slices significantly reduced the interaction of ERK2 with mGluR1a as detected by coimmunoprecipitation with an antimGluR1a antibody (Fig. 7e) . Similarly, Tat-mGluR1a-id (5 although not 2 μM) reduced IP 3 responses to DHPG (Fig. 7f) . In contrast, Tat-fusion mGluR1a control (TatmGluR1a-con) peptides showed an insignificant effect on the ERK2-mGluR1a interaction and IP 3 responses (Fig. 7e, f) . Thus, the ERK2-mGluR1a interaction is essential for mGluR1 to activate the IP 3 cascade. and TP (g) phosphorylation. h Quantifications of effects of U0126 on pERK2-mGluR1a and ERK2-mGluR1a interactions. Cerebellar slices were incubated with U0126 (0.5 or 5 μM) for 30 min at 30°C (e-h). Slices were collected for mGluR1a immunoprecipitation (IP). Phosphorylation levels of mGluR1a at PXSP and TP and proteins bound to immunopurified mGluR1a (pERK1/2 and ERK1/2) were visualized by immunoblots. Values in graphs were measured as ratios of PXpSP to mGluR1a (f), pTP to mGluR1a (g), pERK2 to mGluR1a (h), and ERK2 to mGluR1a (h). All values were analyzed by one-way ANOVA: PXpSP (f), F(2, 7) = 5.05, p < 0.05; pTP (g), F(2, 7) = 0.26, p > 0.05; pERK2 (h), F(2, 7) = 37.44, p < 0.05; and ERK2 (h), F(2, 7) = 14.67, p < 0.05. Data are presented as means ± SEM (n = 3-4 per group). *p < 0.05 versus vehicle
ERK Regulates the mGluR1-Src Signaling Pathway
Activation of mGluR1 stimulates another signaling pathway involving a Src family of non-receptor tyrosine kinases [42] . Src, like mGluR1, is enriched at synaptic sites [43] . Activation of mGluR1/5 potentiated NMDA receptors via a Srcdependent mechanism [44] [45] [46] . DHPG and the mGluR5 agonist CHPG increased autophosphorylation of Src at conserved Y416 in the activation loop in cultured cortical and hippocampal neurons [47, 48] , which is deemed to enable activation of the kinase [49, 50] . Thus, Src phosphorylation serves as an integrative measure of mGluR1 activity. In this study, we investigated the role of ERK in regulating mGluR1 signaling to Src in cerebellar slices. Applying DHPG (100 μM, 15 min) induced a marked increase in Src Y416 phosphorylation, while total cellular Src proteins remained unchanged (Fig. 8a) . Pretreatment with 3-MATIDA (10 μM, 30 min prior to DHPG) blocked the DHPG-stimulated Y416 phosphorylation (Fig. 8b) , confirming that it was an mGluR1-mediated event. Inhibition of ERK with U0126 had no significant effect on basal Y416 phosphorylation (Fig. 8c) . However, U0126 at 5 μM (30 min prior to DHPG) substantially reduced responses of Y416 phosphorylation to DHPG, while U0126 at 0.5 μM did not (Fig. 8d) . These data indicate that active ERK is 
Discussion
We conducted this study to explore the relationship between ERK and mGluR1a. We found that recombinant ERK2 bound to mGluR1a CT in vitro. Through this binding, ERK2 phosphorylates multiple serine residues in the distal segment of mGluR1a CT. In rat cerebellar neurons, native ERK2 was enriched at synaptic sites. Synaptic ERK2 formed complexes with mGluR1a. The mGluR1a-associated ERK2 was catalytically active and constitutively phosphorylated mGluR1a. Such constitutively active phosphorylation was required for facilitating surface trafficking of mGluR1a and for tuning up the responsivity of the receptor to agonist stimulation. Our results demonstrate that ERK2 interacts with neighboring mGluR1a and phosphorylation-dependently regulates subcellular distribution and signaling efficacy of mGluR1.
Given its size, mGluR1a CT is thought to be a preferred domain hosting protein-protein interactions. This is indeed the case for most mGluR1a-interacting partners discovered so far [6, 7] . Like these partners, ERK2 bound to mGluR1a CT. The actual binding area is notably located in the membrane proximal CT1 region different from the phosphorylation sites identified in the distal CT2. This difference is consistent with the classical model in which ERK binds and phosphorylates separate sites in most, if not all, substrates [31] . Since the direct interaction was essential for ERK2 to phosphorylate Elk-1 and feedback-phosphorylate MEK [51, 52] , the ERK2-mGluR1a interaction is considered to be an important step leading to phosphorylation. ERK2 phosphorylation of mGluR1a seems to be variant specific. Given that the short-form mGluR1 variants (1b, 1c, and 1d) have only 57-72 amino acids in their truncated CT tails [53] and lack the distal mGluR1a CT segment, the identified ERK phosphorylation sites in the distal mGluR1a CT are restricted to mGluR1a. In addition, a significant level of basal phosphorylation exists in mGluR1a in cerebellar neurons. This constitutively active phosphorylation has been demonstrated to play a critical role in regulating surface expression and signaling efficacy of mGluR1a under steadystate conditions (see below).
ERK is now known to reside in neuronal peripheral structures such as synapses, in addition to its early viewed nuclear location. This was consistently seen in the cerebral cortex, hippocampus, striatum [13] [14] [15] [16] , and now cerebellum (this study). At synaptic sites, ERK showed an isoform gradient with a higher ERK2 than ERK1 level [16, this study] . Within the PSD, only ERK2 coexisted with MAPK cascade components [17, 18] . In response to stimulation, pERK was visualized in hippocampal and visual cortical synapses [14, 15] . Dopamine stimulation also increased synaptic rather than extrasynaptic ERK2 phosphorylation in the striatum and prefrontal cortex [16] . Thus, ERK, primarily the ERK2 isoform, can function at synaptic sites to regulate local substrates. A number of synaptic substrates were suggested by mass spectrometric analysis [29] . Individual substrates identified include PKCα [54] , Kv4.2 potassium channels [55, 56] , synapsin I [57], δ-catenin [29] , PSD-93 [25] , and PSD-95 [58] . However, at present, the number of substrates identified in the synapse is still far less than those identified in the nucleus [59, 60] . Our study adds a new ERK2-interacting substrate at synaptic sites and suggests a phosphorylation-dependent mechanism linking ERK2 to mGluR1a. Phosphorylation has functional consequences in regulating mGluR1 [8, 61, 62] . Early studies identified PKC with this capacity [63] [64] [65] [66] . By phosphorylating an IL2 threonine residue (T695) [67] , PKC feedbackdesensitized mGluR1a in HEK293 cells [68] . Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) is another kinase linking to mGluR1a. By phosphorylating T871, a CT site adjacent to the G protein coupling domain of mGluR1a [61] , CaMKII formed a feedback loop facilitating agonist-induced desensitization of mGluR1a in striatal neurons [22] . In addition to PKC and CaMKII, prolinedirected kinases, cyclin-dependent kinase 5 (CDK5) and ERK, phosphorylated a serine site within the Homerbinding domain (-PPSPF-) conserved in mGluR1a (S1154) and mGluR5 (S1126) in adult rat brains as detected by a phospho-and site-specific antibody [30, 69] . This phosphorylation was reduced by CDK5 siRNAs [30] , a CDK5 inhibitor (purvalanol A), or U0126 in rat cultured cortical neurons [69] . The phosphorylation of mGluR1/5 at the Homer-binding site increased Homer binding [30, 69] and inhibited group I mGluR coupling to voltage-sensitive Ca 2+ channels in superior cervical ganglion neurons [69] . In this study, we focused on ERK2 and mGluR1a in the cerebellum and carried out an in-depth study. Our results support a synaptic ERK2-mGluR1a interplay model in cerebellar neurons. In details, a sub-pool of ERK2 in the synaptic compartment interacts with local mGluR1a. ERK2 phosphorylates a set of serine residues in the distal mGluR1a CT region. This leads to steady-state surface expression of the receptor and enables a full scale of mGluR1a signaling in triggering both the IP 3 and Src pathways. Recently, the D1 receptor agonist or brain-derived neurotrophic factor activated ERK1/2 and induced U0126-sensitive mGluR5-S1126, although not mGluR5-T1123, phosphorylation in striatal neurons, which facilitated Pin1-mGluR5 interactions and thereby potentiated mGluR5 activity in triggering NMDA receptor-mediated currents [70] . Apparently, the regulation of mGluR1/5 could be signaling output specific. The fact that multiple kinases are involved in the mGluR1a regulation supports a notion that different kinases work in concert to orchestrate normal receptor activity and construct accurate receptor responses to ligand stimulation.
